On the premise of only considering along-wind effect on guyed mast, the influence of welding residual stress on the fatigue life of welded joints is evaluated in this paper. Since the sum of residual stress and along-wind-induced dynamic stress exceeds the yield strength of structural steel, the effect of residual stress relaxation is included in the numerical analysis. e multiscale finite element analysis of guyed mast is developed in order to capture accurately stress field distribution of welded joint for the "weldingwind-induced" case in which both residual stress and along-wind-induced stress are taken into consideration, and the stress response characteristics at fatigue critical point of welded joints are pointed out. It is found that the "welding-wind-induced" stress field of welded joint can be approximately considered as multiaxial proportional loading state and hence the stress-based von Mises criterion can be adopted to evaluate the fatigue life of welded joints. Based on the S-N curve of stress fatigue life for welded specimens with structural steel commonly used in guyed masts, the fatigue damage of key welded joints is predicted, and as a consequence, the influence of welding residual stress on the fatigue life of welded joints is discussed.
Introduction
Guyed mast is a kind of widely used wind-sensitive structure. Due to the characteristics of high flexibility and lightweight, welded joints of the guyed mast are vulnerable to long-term strong wind load, which may induce severe fatigue damage at weld seams. erefore, there is great need to predict fatigue life of welded joints of such flexible steel structure.
In the field of fatigue life prediction of flexible structures under strong wind load, Wirsching and Shehata [1] proposed a design method for high-cycle fatigue according to the improved probability-based Palmgren-Miner (P-M) rule and rain-flow counting method. Peil and Telljohann [2] studied the fatigue life of flexible high-rise structures under wind loads. Tovo [3] analyzed the relation between fatigue damage assessment and counting method and proposed a new rain-flow damage assessment method, which can give satisfactory approximate fatigue damage prediction under combined wide-and narrow-band Gaussian loads. Repetto and Solari [4] assessed the wind-induced fatigue damage of several types of mast structures in both downwind and crosswind directions when the changes of wind speed and wind direction were considered. However, in these researches, the influence of residual stresses of welded joints on fatigue life is ignored. Horas et al. [5] proposed the application of modal superposition technique combined with elastoplastic analysis to evaluate the fatigue crack initiation of structural members. Based on the material damage-elastoplastic-coupled mechanical model, He et al. [6] used the continuous damage mechanics (CDM) module in the ABAQUS program to study fatigue performance of wind turbine gears caused by tolling contact. Ziegler et al. [7] analyzed fatigue crack growth at two structural hot spots by using a fracture mechanics model applying Paris' law and studied load sequence and weather seasonality influence fatigue crack growth for monopile-based offshore wind turbines. Lecheb et al. [8] investigated dynamic crack fatigue life of a 25 m length wind turbine blades and discussed the influence of displacement, strain, stress, and mode shapes on crack growth. Wang and Soutis [9] studied fatigue performance of composite T joints used in wind turbine blades with various fibre reinforcement architectures and analyzed stress distribution and initiation and growth of a delaminating crack by developing a finite element model. Fang et al. [10] assessed wind-induced fatigue of large-scale complicated high-rise steel structure by using equivalent structural stress method and hot spot stress method as well as nominal stress method. Hosseiny and Jakobsen [11] used the submodel method to study the fatigue crack growth life of offshore wind turbine blades under wind force. Do et al. [12] estimated fatigue life of wind turbine tower bases throughout Colorado and discussed the effects of wind distribution and turbulence intensity. Shuang and Song [13] investigated crack initiation and growth life of wind turbine blades by using the linear cumulative damage theory and linear crack propagation theory and found that non-Gaussian characteristics of wind inflows had a noticeable influence on both extreme response and fatigue damage. Since it is very difficult to estimate the residual stress distribution along the crack path, as pointed out by Colombi and Doliñski [14] , in the previous research, the effect of welding residual stress on the fatigue life of welded joint welds was neglected.
Weld seams are weakness in fatigue life of welded joints of high-rise structures. Due to the difficulty in determining welding residual stress field of weld joint, the effect of residual stress on fatigue life of weld joint is so complicated that it is still not fully understood today. Hence, the influence of welding residual stress field is still questionable.
is paper presents a method to study the effect of welding residual stress on the fatigue life of welded joints of the guyed mast subjected to along-wind load. A multiscale finite element analysis method is proposed to calculate the "welding-wind-induced" stress of welded joints with the consideration of residual stress relaxation when welding residual stress is superimposed on wind-induced stress. As a comparison, the "wind-induced" stress of welded joints is also calculated neglecting welding residual stress. It is found that the three-dimensional stress field of welded joint can be approximately considered to be multiaxial proportional and so the stress-based von Mises criterion can be used to predict the fatigue life of welded joints. en the welded specimens with structural steel commonly used in the guyed mast are tested to obtain the S-N curve of stress fatigue life, and the fatigue damage value of key welded joints is calculated based on the Miner linear cumulative fatigue damage model.
Multiscale Finite Element Analysis of Along-
Wind "Welding-Wind-Induced" Stress of Welded Joints
Multiscale Finite Element Modeling of Along-Wind-Induced Stress of Welded Joints.
e along-wind-induced response of guyed mast can be given by
where [M], [C], and f X { }, t are the mass matrix, the damping matrix, and the restoring force vector respectively; X { }, _ X , and € X are the horizontal displacement, velocity, and acceleration vectors of concentrated masses, respectively; and P t { } { } is the wind load vector acting on the nodal layers where the lumped masses are concentrated. e guyed mast structure is composed of beam and cable as well as welded gusset plate at the beam-cable connection. Under the action of wind, various structural components of the mast structure will produce different dynamic responses. In order to accurately obtain the along-wind-induced stress field of the welded joints, element types with different scales are used for different structural components. Due to the calculation ability limitation of the desktop computer, it is impossible to analyze precisely all the welded gusset plates and welds between cables and main structures. Only the most disadvantageous welded joints are modeled and analyzed in detail. Accordingly, the multiscale finite element model for guyed mast includes the following: (1) elastic beam element based on the meter scale, mainly used in truss element of the main structure; (2) strut element, based on the meter scale, mainly used for cable members; considering that the cable of the guyed mast will be pretensioned to ensure that the cable is always in tension state when wind-induced vibration occurs in guyed mast, the tensioned member element can be used; (3) elastic solid element, based on the centimeter scale, mainly used for welded gusset plates; (4) elastic-plastic solid element, based on the millimeter scale, mainly used for welds.
For the mast structure shown in Figure 1 , the guyed mast is a steel lattice truss, which consists of steel tubular chords having a diameter Φ102/6 and steel tubular cross webs having diameter Φ54/4. e total height of the guyed mast is 152 m, and the cross section of the mast is a uniform equilateral triangle with each side having a length of 1.0 m. e lattice trussed mast is divided into 92 segments with each segment having a length of 1.25 m. ree gusset plates are welded to the chord at each vertex of the triangle at the height 55 m of the mast, and the other three gusset plates are welded to the chord each vertex of the triangle at the height 115 m of the mast as shown in Figure 1 . Each gusset plate is connected to a guying cable. e projection length of the cables is 7.0 m, and the projection angle between any adjacent two cables at each layer is equal to 120°. All members of the mast are made of the Q35 steel with a modulus of elasticity of 2.0 × 10 11 N/m 2 , while the guying cables are made of a galvanized steel wire with a modulus of elasticity of 1.2 × 10 11 N/m 2 . e cables connecting the upper level of gusset plates have a diameter of 14.5 mm with a crosssectional area of 2.688 × 10 − 4 m 2 , while the cables connecting the lower level of joint plates have a diameter of 18.5 mm with a cross-sectional area of 1.65 × 10 − 4 m 2 (Figure 1 ). e structure of the welded joints between the cable and the mast is shown in Figure 2 .
For this guyed mast structure, the commercial finite element program ANSYS is adopted to establish its multiscale finite element model, in which BEAM44 element with meter scale, LINK10 element with meter scale, SOLIID45 element with centimeter scale, and SOLIID95 element with millimeter scale are selected for beam, cable, gusset plates, and weld seams, respectively. e multiscale finite element model of the guyed mast is shown in Figure 3 .
Finite Element Simulation of Residual Stress in Welded
Joint.
e residual stresses in welded joints can be simulated and calculated by ANSYS. erefore, it is necessary to establish a common geometric model and element meshing model for both thermal analysis and thermoelastic-plastic analysis. e temperature field time history during welding process is obtained by thermal finite element analysis, and then the thermoelastic-plastic finite element analysis is carried out to obtain the residual stress field in the welded joint. e flowchart of finite element numerical simulation of welding process is shown in Figure 4 .
For the welded joints of the guyed mast shown in Figure 2, considering the affected zone of welding residual stress and the connection requirement of elements with different types and different scales in the multiscale finite element model, the welded joint includes the welds seam, welded gusset plate, and the end parts of the chord and cross web connected to the joint plate as shown in Figure 5 . e fine mesh of welded joints is shown in Figure 6 . In the finite element analysis of welding residual stress, SOLID70 and SOLIID90 elements are used for welding thermal analysis, and SOLID45 and SOLIID95 elements are used for welding thermal elastic-plastic analysis, respectively.
Since the welded joints are manually joined by the electrical arc welding method, the parameters for the Gaussian heat source are determined by the actual welding process parameters. e welding process is 10 seconds long and the simulation time step for the welding process is 0.2 seconds. e cooling process of the welds is 1090 seconds long consisting of three stages of 10 seconds, 30 seconds, and 1050 seconds, and the corresponding time steps are taken as 0.2 seconds, 1 second, and 10 seconds. Figures 7 and 8 demonstrate the distribution of the temperature field and the von Misses residual stress field in the welded joint at 1100 seconds, respectively. From Figure 8 , it can be seen that the maximum equivalent residual stress is located at the top of the weld seams between the welded joint plate and the chord of the mast. 
Tests on Welding Residual Stress Relaxation.
When the welding residual stress is applied to the wind-induced stress of welded joints, the residual stress will relax itself if the superimposition exceeds the yield strength of structural steel. In order to verify this fact, the experiments on welding residual stress relaxation are carried out. e tested welding specimen is shown in Figure 9 . e weld seam is along the longitudinal direction of the flat specimen, and the groove butt weld was adopted. External longitudinal tensile and compressive loads are applied to the specimen. Figure 10 shows the longitudinal welding residual stresses at the cross section of the welded specimens after one cycle under the cyclic stresses with the amplitude of 240 MPa, where the dotted line stands for the simple superposition of the longitudinal welding residual stresses and the amplitudes of longitudinal cyclic stresses, the black solid line is the curve of the longitudinal welding residual stresses curve, and the blue solid line is the measured stresses after relaxation of longitudinal welding residual stresses, which are the sum of the amplitudes of longitudinal cyclic stresses and the relaxed residual stresses. Figure 10 shows that when the sum of the maximum welding residual stresses and the amplitude of cyclic stresses exceeds the yield strength of the material leading to relaxation of the residual stresses under the cyclic load. At this time, the magnitude of welding residual stress will be significantly reduced.
"Welding-Wind-Induced" Stress Response of Welded Joint.
Investigations of wind-induced collapses of steel guyed masts have shown that the wind loading often induces cyclic stresses at the welding zone in joint plates, where the residual stresses were induced during welding process. e combined action of the residual stresses and the cyclic stresses induced by the wind load may cause fatigue crack initiation and propagation at welds of gusset plates, which subsequently weakens the bearing capacity of the guyed mast and leads to its serious damage collapse and even to its collapse. erefore, it is necessary to study whether the welding Shock and Vibration residual stresses increase the wind-induced stresses at the welds or have little effect. It is well-known that the wind load is composed of the mean and fluctuating component, so the wind load acting on the guyed mast is obtained based on the average wind speed at the standard height and the ground roughness coefficient as well as the spatial correlation of wind field. e average wind speed at 10 m height of practical guyed mast is 22 m/s and site roughness coefficient is 0.16. e most unfavorable wind comes from the 0°direction. Based on the Davenport wind speed spectrum, the fluctuating wind speed samples are simulated by the linear filtering method, which is associated with the average winds to establish the time history of the wind load. e wind load acts on nodal layers where the lumped masses are concentrated.
Based on the residual stress field obtained from the welding thermal analysis and thermoelastic-plastic analysis, a multiscale finite element model as shown in Figure 3 is Shock and Vibration established for the "welding-wind-induced" response analysis of the guyed mast and welded joints. In the analysis, the residual stress field is treated as the initial stress field in the welded joints with property of self-equilibrium and relaxation. Finally, the top end of the weld between the welded gusset plate and the chord of the mast is considered as the fatigue critical position, and the along-wind-induced stress responses at the critical position with and without the consideration of welding residual stress are shown in Figure 11 .
Proportional Loading Condition at Fatigue Critical Point of Welded Joint.
In order to select a proper approach for fatigue life prediction of welded joints of the guyed mast under strong wind load, the primary task is to evaluate the three-dimensional stress state at the critical point, which may be produced either by proportional loading or by nonproportional loading. Based on multiaxial fatigue theory and experimental study [15] [16] [17] [18] , if the along-wind-induced three-dimensional stress state at the fatigue critical position of welded joint is proportional, the equivalent stress/strain approaches can give satisfactory estimation of the fatigue life.
Since the mechanism of fatigue damage caused by crack initiation for structural steel obey the metal crystal slip rule, it can be considered that the fatigue damage occurs on the maximum shear stress plane, which can be defined as the critical plane according to the multiaxial fatigue theory, at the fatigue danger point of the key welded joints [19, 20] . If the stress state of the fatigue danger point is proportional, the angle of the critical plane is constant, while if the stress state is nonproportional, the angle time history of the critical plane varies [15, 21] .
When the guyed mast is subjected to the along-wind load, Figure 12 shows the time history of the maximum shear Shock and Vibration stress plane position angle at the fatigue critical point of the welded joint without and with the consideration of welding residual stress. It can be seen that critical plane angle for the "wind-induced" case is a straight line parallel to the time axis and that for the "welding-wind-induced" case can be approximately considered as a line parallel to the time axis. e maximum shear stress plane of the former, i.e., the critical plane angle, is θ � 142°and ϕ � 100°, while the latter is approximately θ � 135°and ϕ � 132°. So, it can be concluded that the stress state at the fatigue critical point is proportional for the "wind-induced" case and weak proportional for proportional for the "welding-wind-induced" case. Furthermore, the wind-induced equivalent stresses of the welded joints are less than the yield stress of structural steel (Figure 13 ), and no plastic strain occurs at the welded joints when the guyed mast is subjected to along-wind loading. erefore, the wind-induced fatigue of welded joints of the guyed mast can be approximately considered as multiaxial proportional high-cycle fatigue, and the fatigue crack initiation life of the welded joint can be predicted accurately by the equivalent stress method. In the following numerical analysis, the stress-based von Mises criterion, which is suitable for most metal material, is adopted.
Test on S-N Curve of Stress Fatigue Life of Q345 Welded Specimens
In order to obtain the S-N curve of fatigue life of welded joints in the guyed mast, the uniaxial high-cycle fatigue test was carried out based on the Q345 structural steel groove butt weldment.
Welded Specimens and Test Equipment.
In this paper, the dog bone plate welded tensile specimens shown in Figure 14 are used. e base material is Q345 structural steel. e fatigue specimens are sampled from the Q345 steel butt welding plate and machined to the designed shape and size, shown in Figure 14 . e middle part of the specimens is the weld.
In order to ensure the full penetration of the weld root, the plate is prepolished and grooved. e groove shape and size conform to the requirements of GB T2651-2008. Multilayer welding is adopted until the size of the weld foot meets the requirements. After welding, the residual stress in the weldment is eliminated by overload treatment. Referring to the cyclic fatigue test method in GB15248-2008, the test was completed by electrohydraulic servo high-frequency fatigue testing machine (Shimadzu), as shown in Figure 15 . Figure 13 , it can be seen that the stress amplitude of the equivalent stress history curves at the welding fatigue critical point is less than 200 MPa in most random cycles, so seven loading scenarios are designed, as shown in Table 1 . Two specimens are tested under each loading condition.
Scenarios and Test Results. From
In order to prevent the specimen from bending or warping during the test, the specimens are vertically installed in the center of the clamping fixture, as shown in Figure 16 . Wind-induced stress "Welding-wind-induced" stress Residual stress + wind-induced stress 8
Shock and Vibration
In the experiment, there is a pause every 50,000 cycles to observe the weld damage of the specimens. e test will stop when crack initiation occurs at the weld. e fatigue test results are shown in Table 1 .
S-N Curve of Fatigue Life.
Assuming that the relationship between stress amplitude S and fatigue life N can be represented by a double logarithmic linear model,
where C and m are the parameters determined by fatigue tests by using the least squares method. According to test results listed in Table 1 , the fatigue life of the Q345 weldment can be estimated by
and Figure 17 shows the relationships between stress amplitude and fatigue life of Q345 welded specimens under the investigated loading conditions.
Effect of Residual Stress on Wind-Induced Fatigue Life of Weld Joint

"Welding-Wind-Induced" Response Characteristics at
Welding Fatigue Critical Point. e equivalent stress time histories at the critical point of the welds for fatigue are shown in Figure 13 for the three cases: (1) the wind-induced stress time history without considering the effects of welding residual stresses (the bottom curve); (2) simply superposition of the wind-induced stress time history and welding residual stress (the top curve); (3) real stress time history of wind-induced stresses considering relaxation effect of the welding residual stresses, i.e., the "welding-windinduced" response (the middle curve). It can be seen that due to the existence of welding residual stresses, the stresses at the critical point of the welds is much higher than that when the welding residual stress field is totally ignored. It can also be seen that if the welding residual stresses were simply superimposed to the wind-induced stresses, the resulting stresses would be higher than the yield stress, which unrealistically overestimates the stress responses and is completely inconsistent with the actual situation. If the coupling effect of wind-induced response and welding residual stresses is taken into account, that is, the relaxation effect of residual stresses is considered, the stress at the critical point of the welds is close to but lower than the yield stress steel and the welds of the welded joint may fail due to high cyclic stress fatigue at the welds under wind loading.
Compared with "wind-induced" stress, the "weldingwind-induced" stress at the critical point has the following characteristics: (1) e average stress level of the "weldingwind-induced" stress time history curve should increase considerably, and it can approach (but not exceed) the yield strength of structural steel. For the curves shown in Figure 18 , the mean value of the equivalent stress is 122.8 MPa for the "wind-induced" case and 275.6 MPa for the "weldingwind-induced" case. (2) e peak-to-peak value of the "welding-wind-induced" stress time history curve should be reduced greatly. Shock and Vibration 9
Fatigue Damage Calculation at Critical Points of Welded
Joints. Figure 13 demonstrates that, when the effect of welding residual stress is considered, the average stress at the fatigue critical point of the welded joint increases, while the stress amplitude decreases. According to the fatigue theory of metal material [22] , the former will increase fatigue damage and shorten the fatigue life, while the latter will mitigate fatigue damage and prolong the fatigue life. erefore, the total influence of residual stress on fatigue life depends on the combined effect of these two factors.
As discussed in Section 2.5, the three-dimensional stress states of the welded joint can be regarded as in-phase loading. erefore, based on the S-N curve of stress fatigue life for the welded specimens, the high-cycle multiaxial fatigue life of key welded joints can be estimated by the von Mises criterion and the Miner linear fatigue cumulative damage theory.
Since the experimental S-N curve of fatigue life of Q345 steel weldment is obtained by cyclic stress with zero mean value, the equivalent stress response shown in Figure 13 of the welded joint with nonzero mean value should be corrected based on the Goodman equation [22] as
where S u is the fatigue limit of the material, the value measured by the test is 520 MPa; S a is the cyclic stress amplitude; and S m is the average stress. en the equivalent stress spectrum can be obtained by using the rain-flow counting method. e stress spectrum data are classified, and for each level of stress range, the counted actual number of cycles is given in Table 2 and Figure 18 , respectively. It can be found that the number of cycles for the "welding-wind-induced" case decreases at all levels of stress range compared with that for the "windinduced" case.
Finally, based on the Palmgren-Miner linear fatigue cumulative damage formula for cyclic stress with variable amplitude, the damage extent at the fatigue critical point of the welded joint can be obtained quantitatively by
where D is the cumulative fatigue damage value and n i and N fi are the number of cycles accumulated and corresponding fatigue life at the ith cyclic stress σ i . D � 1 means the occurrence of fatigue failure. For the along-wind-induced stress response with the duration of 100 seconds as shown in Figure 13 , the fatigue damage values at the critical point of the welded joint are listed in Table 3 . Correspondingly, the fatigue crack initiation lives at the critical points of welded joints in guyed mast are also given in Table 3 .
It is interesting that welding residual stress can decrease fatigue damage and extend fatigue life of weld joints of guyed mast structure under the excitation of along-wind load. e fatigue life increased from 54.85 years to 96.60 years with an increase rate of about 76%. Obviously, in the two effects caused by welding residual stress on stress state at the fatigue critical point, the reduction of stress amplitude predominates fatigue life of the welded joint of the guyed mast.
Conclusions
is paper investigated effects of welding residual stress on along-wind-induced stress at the fatigue critical point of the welded joint in the guyed mast. e following conclusions can be obtained:
(1) e three-dimensional stress field of the welded joint of the guyed mast can be approximately considered as to be multiaxial proportional, and the stress-based von Mises criterion can be used to predict the highcycle fatigue life of the welded joint.
(2) e welding residual stress can produce two effects on the equivalent stress time history at the fatigue critical point, that is, to increase average stress (near the yield strength but not beyond its level) and to reduce stress amplitude. (3) e welding residual stress can increase fatigue life of crack initiation of the welded joint, in which the reduction of stress amplitude plays a key role. As far as the examples in this paper are concerned, the fatigue crack initiation life of the dangerous point is increased by about 76% after considering the welding residual stress.
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